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ABSTRACT. The aim of this work is to analyze the failure behavior of a simple 
lap joint of type metal / metal consisting of 2024-T3 Aluminum plate bonded 
with an Araldite adhesive using the finite element method to predict damage 
of the metal in tensile and compressive load under the effect of geometric 
parameters such as the length of the overlap and the geometric shape of the 
two plates according to the overlap length. The numerical analysis is 
performed by the ABAQUS calculation code. The adhesive was modeled by 
an element of the CZM cohesive zone. the adhesive will be submitted in 
mixed mode given the non-linearity of the two applied load. the calculation of 
the failure load will be determined according to the different parameters 
mentioned above. It is well demonstrated that the type of loading and the 
parameters taken into consideration condition the strength of the structure. 
The effect of these different parameters on the strength of the adhesive joint 
is presented as results by failure load curves. 
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INTRODUCTION 
 
dhesive bonding is frequently used to manufacture complex-shaped structures and in the several fields of 
engineering; easy manufacturing and possibility to joint different materials [1]. However, the problem of the 
single lap joints is the concentrated stress at the edges. This concentration is usually due to the misalignment of 
the two applied forces. Many ideas have been proposed to reduce the stresses that occur at the end of the overlap. These 
ideas can be grouped into two categories: fracture parameter of adhesive and or geometric. Groth [2] used the finite 
element method for predicting breakage in single-cover joints with a spit net. 
A large number of predictive techniques is available for bonded joints, either analytical or numerical. Da Silva et al. [3] 
provide extensive reviews of these methods for analytical methods and X. He [4] for finite element based techniques. 
Analytical methods are easy to use, but they usually consider simplification assumptions [5]. For complex geometries    
and elaborate material models, a finite element analysis is preferable to obtain the stress distribution. Fracture mechanics 
based methods use the fracture toughness of materials as the leading parameter for fracture assessment [6]. Kaye          
and Heller [7] developed an optimal design of free form bonded and double lap joints, with the aim of achieving reduced 
peel stresses on the bond line region.  
Several parameters determine the quality of a bonded assembly. The strength of the adhesive and the elements to be 
assembled (brittle or ductile, strong or weak), as well as, the geometry of the joint and the assembled elements. We find 
the geometric shape of the single lap joint is the most studied in the behavior of assemblies. We find the experimental  
and numerical comparison work of Barbosa et al. [8] who conducted a study on the effect of lap length, in which they 
concluded that while tronger and more brittle adhesives are recommended for joint geometries. Banea et al. [9] also 
experimentally and numerically studied the strengths of joint adhesion. They concluded that failure is dominated by global 
adhesive yielding and the geometry influence. Luca Sorrentino et al. [10] have also studied the single-lap joint where they 
demonstrated the effect of surface treatments on the strength of assemblies. Other works such as Costanzo [11]           
and Banea et al. [12], include the thermal effect on the strength of the adhesive joints. 
The effect of the length and depth of a parallel slot on the stress distribution at the mid-bond line and in the adherend was 
investigated by Yan et al. [13] using the elastic finite element method. In the study of Gültekin et al. [14], mechanical 
properties of different single lap joint configurations with different adherend width values subjected to tensile loading 
were investigated experimentally and numerically. In the work of Pinto et al. [15], the Cohesive Zone Models (CZM) are 
widely used in delaminate on analysis. They not need an pre-existing of crack like (VCCT) Virtual Crack Closure 
Technique [16, 17]. Many different cohesive element (CZM) formulations have been proposed [18, 19]. However, two 
main difficulties concerning cohesive elements robustness and their application to large-scale structures still exist.  
Firstly, fine meshes are required to appropriate model, which leads to high, and sometimes unaffordable, computational 
requirements. Secondly, recent findings indicate that the mixed-mode crack propagation predicted by cohesive elements 
might be unreliable because of an improper estimation of the energy dissipated during the fracture process. The current 
paper addresses this last difficulty. Other technique implementation in ABAQUS® used without meshing again like the 
extended finite element modeling (XFEM) [20]. It has used also by Campilho et al. [21] for strength prediction of single 
and double-lap joints.  
The objective of this study is to evaluate by numerical simulation the effect of cohesive stiffness, cohesive strength       
and fracture energy of the adhesive in order to see their effect on the value of the failure load of the assembly type 
Aluminum / Aluminum under a compressive and tensile behavior. Four overlap lengths and geometrical parameters 
modification named tapered have been selected, in order to see also their effect on the failure load of the joint. We also 
put into consideration the effect of the percentile variation of mode I and mode II on the value of the failure load of the 
assembly, analyzing the numerical results show that the failure load increases as the adhesive have high strength especially 
in mode II. 
 
 
COHESIVE INTERFACES AND INPUT PARAMETER  
 
he separation path using the CZM is entirely in the cohesive zone. The model is a linear tensile-separation law as 
represented in Fig. 1, defined by a surface of nodes in a mesh without interaction between the surfaces.  
This technique of selecting the interface with failure parameters is quite different from those already used before 
for similar studies. It consists of drawing the complete assembled system in a single geometry, no assembly between the 
different elements. Next, the orphan mesh existing in the ABAQUS calculation code is chosen and the mesh elements are 
A 
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subsequently selected in the common plane between the plates, introducing the parameters of rupture of the adhesive. 
During loading, plate separation occurs when the failure conditions are satisfied.  
The cohesive law initially contains a linear regime up to a stress threshold that initiates a softening as the surfaces move 
away from each other until a separation translated by a null rigidity [22]. The stiffness parameter inputs (Knn, Kss and Ktt) 
required by ABAQUS® are the module of the cohesive (E, G) material divided by its thickness [23].  
When Knn = Young’s modulus / thickness of adhesive layer in normal direction; Kss = Shear’s modulus / thickness of 
adhesive layer in tangential direction 1; Ktt = Shear’s modulus / thickness of adhesive layer in tangential direction 2.  
A linear constitutive relationship between stresses (σ) and relative displacements (δ) is established (Fig. 1).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The linear softening law for mixed-mode cohesive damage models. 
 
The model requires the knowledge of the local strengths (σu,i, i = I, II, III) and of the critical strain energy release rates 
(GIC). Damage onset is predicted using the following quadratic stress criterion: 
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Where σi (i = I, II) represent the stresses at a given integration point of the interface finite element in each mode. Mode I 
represents the local opening mode and mode II, III the shear mode at the interface. Crack propagation was simulated by 
the linear energetic criterion. 
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The area under the minor triangle of Fig.1 represents the energy released in each mode, while the bigger triangle area 
corresponds to the respective critical fracture energy. When Eqn. (2) is satisfied damage propagation occurs            and 
stresses are completely released, with the exception of normal compressive ones [24]. This energy is based on the cohesive 
damage evolution and it is defined using the Benzeggagh–Kenane criterion [25], with a linear softening law. Fracture 
energies of GI = 0.3N/mm and GII = 0.6N/mm are used for normal (Mode I) and shear (Mode II and Mode III) 
cohesive failures respectively as used by Campilho et al. [26]. The introduced parameters in the calculation code Abaqus 
are: 
 
** MATERIALS 
** 
                                   *Material, name=Cohesive 
                                   *Damage Initiation, criterion=QUADS 
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                                   40, 24.1, 24.1 
                                   *Damage Evolution, type=ENERGY, mixed mode behavior=POWER LAW, power=2.284 
                                   0.3, 0.6, 0.6 
                                   *Damage Stabilization 
                                   1e-05 
                                   *Elastic, type=TRACTION 
10000. 10000., 10000. 
 
 
ANALYSIS  
 
he present study consists in a three-dimensional numerical analysis of tensile and compressive loaded (Fig. 2) with 
different overlap length in the first, then with geometrical modification in the second. A non-linear material                  
and geometrical analysis was performed, using plane strain rectangular 8-node and triangular 6-node finite 
elements. Fig. 5 shows a detail of the mesh used at the assembly bond edge. In tensile behavior, the restraining and 
loading condition consists on clapping of the joint at one edge and applying a vertical restraint and tensile displacement at 
the opposite edge. The same thing in the compressive behavior but we restraint vertically all length except overlap region 
the both of the edge in order to favorite the separation, and the tensile replaced by the compressive displace. 
The choice of our geometric model in three dimensions, in single and double overlap with composite plates is 
standardized Mokhtari [27, 28]. See also the works of Benchiha [29] who carried out a study on the influence of defects 
and the work of Bezzerrouki [30], who has carried out several studies in this line of research. The assembled plates are 
three-dimensional, except for the two-dimensional joint adhesive designed as an interface. The third dimension (the 
thickness) is geometrically zero; it is introduced in the stiffness properties (Knn, Kss, Ktt). In this study, the joint adhesive 
was simulated as an interface. This modality allowed us to evaluate the release force under different parameters, such as 
adhesive, geometry and mechanical behavior. 
 
a) 
 
b) 
 
 
Figure 2: Single lap bonded joint geometry. a) Tensile behaviour ; b) Compressive behaviour. 
 
The boundary conditions are not identical for both the tensile and shear behaviors. For the tensile behavior, it is easy to 
provoke the debonding with a small bending of the plates, so that they align in the same axis of traction where the 
adhesive is solicited in mixed mode. On the other hand, it is difficult to favor or provoke the detachment in compression 
behavior. Since the completely assembled system is free according to the normal, this results in large deformations in 
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flexion and without detachment, hence the introduction of boundary conditions in the near vicinity of the overlap, where 
the adhesive is solicited purely in shear mode. 
 
Thickness of the lower and upper adherend Tp 2 Mm 
Free length of adherend Lf 60 Mm 
Overlap length W 15 Mm 
Applied tensile (compression) displacement U 2 Mm 
 
Table 1: Geometrical properties of single lap bonded. 
 
 
 
Figure 3: Representation of bonded systems in compression behavior without the conditions add. 
 
Any interaction was introduced between bonded surfaces. The adhesive was modeled as an interface (zero thickness) with 
COH3D8 type elements and a number of more than 800 elements depending on the overlap length. Debonding was 
simulated in the finite element model by keeping the same nodes on both adjacent faces of the overlap area. It is necessary 
to have an appropriate number of mesh elements in the overlapping region on which the damage properties are 
conditioned. In other words, when the number of nodes increases or decreases, there will be no convergence                
and subsequently damage (detachment). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Separation presentation of a cohesive interface. 
 
The mesh in the assembly of all study structures is constructed by essentially identical elements in their sizes at the 
overlapping levels, as shown in the present figure. 
Interface finite elements were used to simulate crack onset and growth, as well as to obtain damage in the adhesive layers. 
Aluminum adherends, whose mechanical properties are presented in Tab. 2, were used. Tab. 3 shows the strength     and 
failure parameters of the adhesive (Araldite 420). These parameters are obtained by the experimental tests in mode I     
and in mode II realized by Campilho [26]. These properties were obtained experimentally in [24]. The dimensions of the 
geometries are presented in Fig. 2. The location of the interface finite elements is shown in Figs. 2 and 5. These elements 
were placed between the parents of Aluminum adherends   and these adherends were modeled as elastic-plastic solids with 
an approximate curve to the real (σ-ɛ) curve of Aluminum (Fig. 6). 
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Figure 5: Detail of the mesh and interface element. 
 
Young’s modulus E 68960 MPa 
Poisson’s ratio ν 0.3  
Elastic limit stress σe 220 MPa 
 
Table 2: Mechanical properties of the adherend used [1] 
 
Normal stiffness Knn 9.25 x 105 GN/m3 
Shear stiffness Kss   =   Ktt 11.85 x 105 GN/m3 
Normal strength Snn                  40 MPa 
Shear strength Sss    =   Stt 24.1 MPa 
Mode I fracture energy GI 0.3 N/mm 
Mode II fracture energy GII   =   GIII 0.6 N/mm 
 
Table 3: Elastic, strength and fracture properties of the adhesive used [26]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Experimental stress–strain curve of the Aluminum 2024T3 [31]. 
 
The behavior of the aluminum plates used in this study is elastic-plastic. The properties introduced in the calculation code 
for the elastic part are mentioned in Tab. 2. Whereas for the plastic part, they are drawn directly from the curve of  Fig. 6 
[31]. 
In the assembly, the plates solicit the joint adhesive to complex behaviors at different levels. It is therefore important to 
take notes and analyze the lamination caused by the axial loads on the assembled system just before detachment. 
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Equivalent stress measurements of Von Misses were taken to identify the plasticization following the exceeding of the 
elastic limit. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Behavior of the plates before separation. 
 
For the free tensile behavior, plasticization stresses are observed at very low levels which are localized in the bending 
zones and in order to have the alignment of the plates. But in Figs. b) and c) where the plates are not free plasticization 
stresses are relatively high at different levels, they are located in the plates to the edges of the cover. 
For the notched plates, which explains their advantages, it is the distribution of the loads on the recovery length which 
will subsequently make the middle of the adhesive active and have more transfer of constraints. 
                                                                                                                                           
 
 
  
 
 
 
 
 
 
 
 
Figure 8: Behavior of notched plates before debonding. 
 
Fig. 8 shows the mechanical behavior of notched plates just before debonding. In the case of free or non-free tension, the 
plastification stresses have very low levels at different concentrations. This is seen in the edges of the lap and at the notch. 
On the other hand, they reach maximum values at the interface, in the compression behavior, with relatively high levels. 
 
 
COHESIVE PROPERTIES EFFECTS 
 
he edges of an adhesive joint are always tighter than the rest. From these zones, the separation takes place, the 
geometric parameters of the assembly and that of the adhesive play a determining role in the system resistance; 
these are the main variables to be evaluated in this study. 
The objective intended to this section is to cancel the property effect in mode to keep the same rapport (GIC / GIIC,       
σUI /σUII) and to intervener only the effect of values of cohesive properties upon the predicted the failure that occur in 
assembly with single lap bonded joint configurations, and thus demonstrate the robustness of this type of analysis.       
The failure loads calculate in this section of analyses show that the compressive and tensile failure of the geometries 
controlled by the fracture parameters of adhesive. It shows a good agreement between evaluations of parameters; these 
results were obtained even though the cohesive zone parameters (strength) were estimated, as they were not measured 
directly. 
On the force / displacement curve (Fig. 9), the triangular shape that presents the energy per unit area of the adhesive's 
ability to withstand the stress, remains the same. For all cases, if the force increases the displacement decreases and vice 
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versa. Only that, the conditions (geometry and / or behavior) under which the assembly is subjected influence these 
values. Indeed, the adhesive joint is more solicited than in its ends, the wider the cover widens, the closer the ends are 
towards the applied loading and subsequently, the assembly will not have enough time to absorb the energy in the form of 
displacement and deformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Effect of stiffness adhesive and adherend on the traction–separation law. 
 
Cohesive stiffness effect 
The effect of the cohesive stiffness of the simple lap joint under compressive and tensile stress is analyzed by varying the 
values of knn and ktt in the definition of cohesive material; knn and ktt have both been modified simultaneously to maintain 
the ratio between them constant. So as to see the effect of the Young's modulus and shear modulus (which are two 
parameters related to successive cohesive materials; knn and ktt) on the breaking load. In parallel, the breaking energy is 
kept constant at the base values (GI = 300J/m2, GII = 600J/m2) as well as the cohesion force in the base values            
(Snn = 40MPa, Stt = 24.1MPa). The variation in compressive and tensile strength of the sample with cohesive rigidity is 
shown in Fig. 10. The effect of the stiffness of the cohesive zone on tensile and compressive strength is studied. 
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                                                      a)                                                                                                  b) 
 
Figure 10: Variation of a) Tensile failure load and b) Compressive failure load as function of cohesive stiffness and overlap length. 
 
 
For the four selected overlapping lengths, it can be seen that as the length increases, the bonding surface increases        
and therefore the cohesive layer behaves as a linear elastic material with high load resistance, resulting in a considerable 
increase in the value of the final tensile strength. By increasing the cohesive stiffness, the value of the breaking strength 
changes slightly. Even when the joint is subjected to tension or compression, the value of the failure load changes so that 
it will be higher in compression. Indeed, the cohesive rigid layer does not support large longitudinal displacements        
and under compressive stress, the joint peels off in mode II. 
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Fracture energy effect 
The results of the damage analyses provided for in the adhesive joint are based on the geometric conditions of the bonded 
system, the properties of the two plates and their dimensions and the damage properties of the adhesive. 
Recent studies have shown that bonded assemblies have significantly different and variable failure energies [32]. 
Therefore, it is appropriate to examine whether variation in this parameter will affect failure mechanisms under tensile                  
and compressive stress. 
Our analysis is based on the variation of the GI and GII fracture energies while ensuring the GI / GII ratio is maintained 
constant. On the other hand, the different parameters concerning the modeling of the cohesive zone are kept constant 
and fixed at the reference values indicated in Tab. 2. Fig. 11 shows the effect of the fracture energy on the maximal 
fracture load under tensile and compressive solicitation. 
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Figure 11: a) Compressive and b) Tensile failure load as function of the fracture energy and overlap length. 
 
It can be seen from Fig. 11 that the failure load values are high in the case of compressive stress because the adhesive are 
more resistant to shear than to tension. For small values of the failure energy of the adhesive, the overlap length has little 
influence on failure load, the difference in value is more noticeable in the case of compressive stress than in tension. By 
increasing the breaking energy value, the adhesive will continue to resist efforts to transmit the load to the plates thus 
giving high strength. Compared to other parameters, such as, normal and tangential resistances Snn, Stt and Sss, the 
separation energies of the adhesive GI, GII and GIII play the most important role on the strength of the adhesive           
and therefore on the value of the breaking force as shown in Fig. 11. 
The failure of this type of assembly is very sensitive to low value failure energy, especially for short overlap lengths. But in 
contrast to high values of failure energy. However, as the overlap length increases, the value of the failure load increases 
resulting in high strength of the assembly. It is clearly noted that the values of the breaking force as a function of the 
length of the overlap under compressive stress are presented with a high level only for tensile stress because the loaded 
compression joint behaves in pure shear. 
 
Cohesive zone strength effect 
The effect of cohesive zone strength of the system under compressive and tensile strength is investigated by varying the 
values of Snn and Stt, in the cohesive material definition, that means both Snn and Stt were varied simultaneously to keep the 
ratio between them constant. The fracture energy is held constant at the baseline values (GI = 300J/m2, GII = 600J/m2). 
The variation of compressive strength of the specimen with cohesive strength is shown in Fig. 12, for the two solicitations 
of  compressive and tensile. Adhesive by its nature can be presented under different behavior; ductile or rigid according to 
its strength properties. 
We notice that the value of the failure load increases with the increase in the tensile strength of the adhesive. Under tensile 
stress the value of the failure load reaches a stable value once the value of the tensile strength exceeds 40MPa, whereas in 
compression, the value of the failure load continues to increase by increasing the value of the tensile strength. On the 
other hand, by increasing the overlap length, the value of the failure load increases considerably to give a high resistance to 
the joint. If the adhesive is resistant (Snn high) it will support more the applied load, it will have less longitudinal 
displacement and therefore an increase in the failure load.  
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It is also shown that all values of the failure load in compressive load are represented with a high level than in tensile load, 
because, the joint on the compressive load works more in pure shear. 
It is also shown that all values of the breaking force in compressive stress are represented with a high level than in tensile 
stress, because the joint on the compressive load works more in pure shear. 
In the case of tensile loading, the ultimate stress effect disappears once the value Snn > 40MPa is exceeded. Unlike in the 
case of compressive stress where the joint strength can be high (Fig. 12 b). 
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Figure 12: a) Compressive and b) Tensile failure load as function of the cohesive strength and overlap length. 
 
Effect of tapered geometry on the failure load 
In single lap bonded joints, the adhesive works more at the levels of these extremities, however the covering medium 
remains almost inactive, hence the idea of introducing a so-called tapered geometric modification in order to make it work 
more easily in all its surface. This part of the study gives the advantage of even the external effect (of the plates) on the 
resistance of the assembly where the effect of the thickness and length of notch on the results has been evaluated (failure 
load) for the two behaviors: traction and compression.  
The percentages by contribution to e = 0.75mm and l = 22.5mm where the length of recovery was fixed at 25mm, as 
presented in the table and the figure below. The dimensional parameters of the notch are taken at a time and separately to 
better identify their effects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Tapered geometry modified of single lap bonded joint. 
 
Percentile evaluation (℅) -30 -20 -10 0 10 20 30 
Thickness tapered (mm) 0.5 0.58 0.67 0.75 0.84 0.92 1 
Length tapered (mm) 10 14.18 18.34 22.5 26.67 30.83 35 
 
Table 4: Tapered geometry dimensions of adherends used. 
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In Fig. 14, the common effect on the results shows that the presence of the notch in the plates weakened their rigidity and 
subsequently more elongation in the plates that come from the separation energy is absorbed. The rigidity of the 
assembled plates is responsible for the detachment force. 
 
 
                                                      a)                                                                                                  b) 
 
Figure 14: a) Tensile and b) Compressive failure load as function of the tapered parameters (overlap length =25mm). 
 
 
SENSITIVITY ANALYSES 
 
dditional to the precedent analyses and considering, the two plate geometries at the overlap level, the sensitivity 
analyses were performed on the cohesive parameters, which play a significant role in the failure process and are 
not measured by specific experimental tests [33]. A study was conducted. The influence of fracture properties of 
the adhesive mode I (GIC, σUI), mode II (GIIC, σUII) and overall (GIC, σUI, GIIC, σUII) properties on failure load was also 
analyzed. From -50% to +50% we ranging the values of the initial ones considered in this analysis Tab. 3 were considered.  
Fig. 15 presents the failure load under tensile and compressive behavior as function of the cohesive properties. The failure 
load of the same geometry using the initial properties (F0) normalizes these failure loads. Overall, the failure load increases 
with each group of properties considered in this study. As expected, mode II properties have a higher effect on the failure 
load; especially the compressive behavior with the boundary condition is primarily loaded in shear. 
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Figure 15: a) Tensile failure load and b) Compressive failure load as function of the cohesive properties (l0 = 25mm). 
 
Fig. 16 shows that the failure load is conditioned by boundary condition: Type of load and the restraining. The results 
obtained show that the fracture properties of the adhesive have a little influence on the failure load for mode I, while it's 
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not the case for the mode II; the fracture properties present a major influence, it's explained by the fact that shears 
stresses leading to failure of adhesive. For very low fracture properties, a slight reduction in the joint strength is observed. 
 
 
                                                      a)                                                                                                  b) 
 
Figure 16: a) Tensile and b) Compressive failure load as function of the cohesive properties (overlap length = 25mm). 
 
The results for the notched plates show that for all the breaking properties of the adhesive, the higher they are, the higher 
the peel forces are. The percentage variation of the properties in mode I do not have much effect on the force of 
separation by contribution to the properties in mode II, more particularly in compression. This shows that the overlap 
assembly is stressed much more in shear than in tension, it depends on the geometrical conditions of the loading and 
fixing joint in which the assembly is subjected. In this case, the compression release forces are not very important 
compared to the shear behavior as in the case of non-notched plates. 
 
 
CONCLUSION 
 
his study has been focused on numerical simulation based on the Cohesive Zone Modeling method of a single lap 
joint with different situation such as fracture parameter of adhesive, behavior of assembly and geometric adhered, 
the following conclusions could be deduced from the obtained results: 
 Cohesive Zone Modeling gives the advantage of numerically predicting the release force by evaluating the 
parameters of adhesive failure, as well as the geometrical conditions and the behavior in which the assembly is 
subjected. This method also allows numerically to introduce a damaging interface into a solid without performing 
an assembly. 
 The rigidity effect of the interface is negligible except for small values that can destabilize the assembly and give 
different values of the release force. 
 Failure parameters of the adhesive condition the value of the detachment force of the assembly, the higher the 
ultimate stress and the breaking energy increase, the more the peel force increases. 
 The level of the release force depends on the rigidity and geometry of the plates, less deformation and more 
debonding force. 
 The level of the debonding force also depends on loading and / or fixation conditions. 
 The variations of the parameters of adhesive rupture by mode I and / or mode II, directly affect the level of 
resistance, hence the influence of the behavior in tension or in compression. 
 All parameters influencing the debonding force remain limited up to the strength of the adhesive joint. 
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